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Investigating the Broadband Microwave Absorption
of Nanodiamond Impurities
Jerome A. Cuenca, Evan Thomas, Soumen Mandal, Oliver Williams, and Adrian Porch
Abstract—Broadband microwave complex permittivity mea-
surements of nanodiamond powders are presented. Previous
studies show that measurements of dielectric loss strongly corre-
late with the presence of nondiamond surface impurities. In this
study, the frequency dependence of these losses is investigated
using the microwave cavity perturbation (MCP) and broadband
coaxial probe (BCP) methods. This allowed further understanding
as to what mechanisms contribute to the microwave absorption
(free electron conduction or dielectric loss from the disordered
surfaces). A multimodeMCP system is used which utilizes
modes to provide partial spectral characterization. The MCP
results revealed minimal frequency dependence, unlike any static
conduction-related mechanism. The BCP measurements corrob-
orate the MCP results with much higher spectral resolution, and
further demonstrate that disorder related loss may dominate over
free electron conduction from 1–10 GHz. From 0.1–1 GHz, free
electron conduction has a greater inﬂuence with a characteristic
dependence implying that conduction may dominate at lower
frequencies. However, the BCP method, while repeatable, lacks
in precision compared to the cavity method. Nonetheless, the
major conclusion in this paper is that through simple microwave
permittivity measurements, nondiamond carbon impurities in
nanodiamond powders are measurable most likely because of
disorder related losses as opposed to free electron conduction.
Index Terms—Cavity perturbation, coaxial probe, conduction,
disorder, nanodiamond, permittivity measurement.
I. INTRODUCTION
N ANODIAMONDS are a new and emerging materialshowing great practical promise in drug delivery [1].
Studies have shown that administration of chemotherapy
agents with nanodiamond drug platforms increases tumor
deterioration. The efﬁcacy for these particles is linked to
surface termination and functional groups as this determines
agglomerate formation and hence the effective surface area
for drug adsorption. There are various types of nanodiamond,
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including detonation diamond (DD), diamond produced by
high temperature high pressure synthesis (HPHT) and chem-
ical vapor deposition (CVD) each yielding different types
and densities of impurities. In this paper we are dealing with
HPHT nanodiamonds, where impurities are introduced when a
larger diamond is milled; leaving trace amounts of the milling
media on the surfaces. Vigorous hydroﬂuoric and nitric acid
treatments are capable of removing many of these impurities
[2]. After puriﬁcation, hydrogen termination can passivate the
surface, creating the desired colloidal form for application [3].
Fast and easy examination of the surface purity of nanoparticles
becomes paramount for large scale production, which is where
we introduce simple microwave characterisation methods.
It is well known that the MCP technique offers a simple mea-
surement of materials used in microwave applications [4]–[6],
allowing direct measurement of permittivity and permeability
which can be used to assess their performance. The technique
has evolved into a means to noninvasively infer conducting
properties of materials such as carbon nanotubes [7], supercon-
ductors [8] and nanoﬁlms [9]. In this decade microwave mea-
surements are transcending into a noninvasive quality control
tool where dielectric and magnetic properties serve as a ﬁgure
of merit, for example; indirectly inferring moisture content [10],
ammonia mass adsorption in zeolites [11] and (as in this paper)
nanodiamond purity [12].
In the latter case, it has been demonstrated that MCP offers
a much more sensitive quantiﬁcation of surface amorphous and
carbon when compared to XRD and Raman measurements
[13]. From this study we have identiﬁed a set of nanodiamond
powders with high and low surface impurities. These particles
were made using the same synthesis methods but SEM reveals
differences in their average sizes; smaller particle sizes con-
tain much higher numbers of impurities since surface impurities
scale with surface area.
Preliminary research with MCP was conducted to determine
the role of the impurities in the microwave losses [14] and also
to determine an optimum characterisation frequency. This in-
vestigation inferred that the dielectric loss mechanisms asso-
ciated with the and amorphous carbon impurities showed
minimal frequency dependence, unlike that due to free electron
conductivity which would have diverged as as frequency
was reduced. This was an interesting ﬁnd since carbon is
generally associated with high conductivity allotropes such as
graphite, carbon nanotubes, and graphene.
However, even though MCP provides a noncontact, high pre-
cision measurement at certain frequencies, it greatly sacriﬁces
spectral resolution with a sparse number of measurement fre-
quencies. We must also verify our ﬁndings using other methods,
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which is where nonresonant broadband techniques (here using
the BCP method) become very valuable.
The major contribution of this study will compare MCP with
a much higher resolution (but lower precision) open-ended BCP
method. This is to corroborate the ﬁnding that microwave ab-
sorption in nanodiamond impurities is related to dielectric loss
due to the disordered nature of the surfaces as opposed to free
electron conductivity normally associated with carbon. Po-
tentially, this would mean that surface disorder of and amor-
phous carbon could be characterized using simple MCP mea-
surements. The BCP method, however, requires contact and is
normally used for liquids since homogeneity is then less of an
issue, though effective dielectric measurements can still be ex-
tracted for powder samples if the packing density adjacent to the
ﬂat surface of the probe is kept consistent.
II. MICROWAVE TECHNIQUES
There are numerous ways to obtain the broadband properties
of materials through transmission and reﬂection based measure-
ment systems including waveguides (air space and dielectric),
open-ended transmission lines, free space transmission and
planar structures. It is at this point that we stress that the mate-
rials under test are powders of low volume. A single waveguide
structure is not able to accommodate the multimode range
given by the MCP system and it also creates a large sample
volume requirement. Free space methods require no contact
but careful sample preparation to minimize errors; for example,
a ﬂat sample with large volume is needed, which makes this
technique unfavorable. This leaves planar and open-ended
methods where planar structures generally prevail as they are
also capable of measuring permeability [16]. However, since
diamond is nonmagnetic, this advantage is not relevant. Though
sensitivity is comparable in most senses, fabrication of planar
systems is meticulous and the bandwidth is limited to orders of
half wavelength structures. The BCP, however, can be easily
fabricated from standard microwave connectors and sample
preparation is simple.
In this study, we simply wish to verify the broadband results
obtained using multiple cavity modes with another broadband
technique, for which the BCP will sufﬁce. The notable limita-
tion of both planar and open-ended techniques when measuring
powders is ensuring packing consistency in the sample region,
which can be somewhat controlled using a sample powder press.
We propose to achieve measurement using the BCP method,
which is capable of measuring effective dielectric properties in
the 0.1–10 GHz range.
III. BACKGROUND ON PERMITTIVITY
The complex permittivity of a material occurs due to a com-
bination of harmonic oscillator type polarization mechanisms
and when this property is measured as a function of frequency,
such mechanisms can be revealed as shown in Fig. 1. Some
of the main contributions are due to free electron conductivity,
space-charge polarization, permanent dipole relaxation, atomic
displacement, and electron cloud displacement.
Fig. 1 can be divided into a low frequency region (conduc-
tivity related) and a high frequency region (polarization related).
Electron conductivity arises from free electrons or electrons that
Fig. 1. General overview of the frequency dependent permittivity of a mate-
rial. In the microwave range, dipolar effects dominate (dotted) but in nonpolar
materials, the contribution is mainly due to high frequency polarization related
phenomena and decaying low frequency losses [15].
do not participate in bonding in the structure. In pure diamond
there are no free electrons and hence any observable conduc-
tivity arises due to conducting impurities with nominal contri-
bution from defects in the diamond lattice. For a metallic sub-
stance, conductivity is a loss mechanism which results from
motion and subsequent scattering of free electrons migrating
to the extremities whilst losing energy in collisions with them-
selves and the bulk lattice. As frequency increases, this effect
decreases due to the large effective mass of collections of elec-
trons. Space-charge polarization is essentially the same but re-
sults from mixtures of semimetallic materials and dielectrics.
On the application of an electric ﬁeld, the free electrons in this
case get trapped at boundaries between the materials, devel-
oping a net build-up of charge at the interface. This increases
the polarization in the dielectric, causing the overall complex
permittivity to increase. It is generally reported in the literature
that microwave dielectric losses of graphitic carbon arise due to
space charge polarization [17]. For amorphous carbon, multiple
scattering and absorption effects from dangling bonds and large
disorder can greatly contribute to microwave absorption [18].
At microwave frequencies, dielectric losses may be domi-
nated by friction of permanent dipolar rotation, as in polar sol-
vents such as water. However, in carbonaceous powders no elec-
tric permanent dipoles are present. At terahertz frequencies, re-
laxations of atomic and electronic polarization occur due to the
shift from positive charges in nuclei and distortions of electron
clouds. These effects will contribute to the polarization of the
material (as shown in Fig. 1) but these are fast processes. No
such relaxation peaks should be observed at microwave fre-
quencies. The complex permittivity can thus be summarized in
the following equation:
(1)
where denotes angular frequency, denotes the complex rel-
ative permittivity and the subscripts denote contributions from
the explained mechanisms.
We have already determined that dielectric loss is far more
sensitive for detection of amorphous and carbon impurities
[14]. Since bulk carbon is a very good conductor it seems
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Fig. 2. Simpliﬁed contributions to dielectric loss from delocalized electrons
(i.e., conductivity and space charge) and polarization related loss mechanisms.
Inset shows an abstract representation of the delocalized electrons in the -or-
bitals in carbon which gives rise to conductivity and representative disorder
created with Avogadro, GAMESS and MacMolPlt [19]–[21].
sensible that there may be conduction loss mechanisms. How-
ever, at high frequencies the charge transport can be heavily de-
pendent upon the disordered surfaces as opposed to the free or
static conductivity measured at low frequencies [22]. Determi-
nation of whether free electron conduction or losses from the
disorder plays a role in the microwave absorption can be iden-
tiﬁed using the model relating relative complex permittivity to
conductivity, derived from Maxwell's equations
(2)
where is the effective free electron conductivity,
is the effective dielectric constant and
is the additional loss contribution related to the disordered
surfaces. This is a simpliﬁed version of the universal disorder
model: , where in this study the
onset frequency and the ﬁtting parameters ( and ) are
simply lumped into [22]. Therefore, free electron
conductivity shows a characteristic dependence. An ap-
proximate model for the net contribution to loss is shown in
Fig. 2 where at lower frequencies, free electron conductivity
dominates and at higher frequencies, disorder related dielectric
losses dominate. The frequency dependence of this mechanism
is, however, unknown though is normally depicted as relatively
constant [22] with an increasing gradient that approaches the
relaxation peaks shown at terahertz frequencies in Fig. 1.
IV. MICROWAVE BROADBAND COAXIAL PROBE
The probe consists of an open ended coaxial cable, achieved
using an Anritsu K-connector embedded in a brass ﬂange, such
that the electric ﬁeld disperses evanescently at the half-plane at
the probe's end, as shown in Fig. 3. Full details of the probe
are given in [23]. The sample is simply placed at the end of the
probe, where there is a maximum of electric ﬁeld (owing to the
open circuit boundary condition). Complex permittivity can be
calculated by measuring the reﬂection coefﬁcient of the probe
using the following equation:
(3)
Fig. 3. COMSOL simulation of logarithmic electric ﬁeld distribution of an
open ended coaxial probe in the gigahertz frequency range.
where is the admittance of the end of the probe, is the
equivalent phase difference introduced due to the length of the
probe and is the impedance of the system (50 ). Calibration
to the sample plane can be accomplished using perfect open,
short and load terminations for the probe. A simpler approach is
to ﬁrst measure the probe when air-spaced (subscript “a” below)
and thenmeasure with a sample load (subscript “L” below), then
forming a ratio
(4)
The admittance at the end of the probe can be modelled as two
capacitors in parallel giving [23], [24]
(5)
where is the capacitance when terminated in free-space,
is the fringing capacitance and is the effective relative
complex permittivity of the powder. The two capacitances can
be found by measurement of a known sample (e.g., a block of
PTFE) and veriﬁed by simulation. The effective permittivity
quoted for a powder sample is due to any ﬁnite air spaces
between the particles, which cannot be removed even with
strong compression onto the probe. Hence the calculated value
is quoted as being “effective” and so will be smaller than the
intrinsic value of . Equations (4) and (5) can be used to
deduce an approximate expression for the complex permittivity
valid at lower frequencies [25]
(6)
V. BROADBAND MICROWAVE CAVITY PERTURBATION
Details of theMCP system andmeasurements are given in the
previous study [14]. The broadband MCP measurements were
achieved using a selection of modes of a cylindrical res-
onator. The frequencies of these modes can be calculated using
the well-known resonant frequency equation of an air-spaced
cylindrical cavity
(7)
where is the speed of light, and are the cavity radius and
height respectively, is the th root of the th order Bessel
function and , and are integers. The reason why we use
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modes is due to the fact that the radial 0th order Bessel
function has a maximum at , hence all modes have
a large E-ﬁeld in the center of the cavity [26]. This means that
there will always be a minimum of H-ﬁeld in the center of the
cavity for modes which is essential for assuming only
E-ﬁeld perturbation. For nanodiamonds this is irrelevant since
they are nonmagnetic but as a generic characterisation system
for dielectric and magnetic materials, separation of ﬁelds is key
for solely extracting . The dimensions of our cavity have been
chosen such that the mode is at approximately 2.5 GHz
as this is a common frequency of interest which means selecting
and to reduce interference from TE
modes whilst keeping the and modes (for )
below 10 GHz.
MCP involves perturbing the ﬁelds of these modes and re-
lating the changes in complex frequency to the properties of the
material. In this study a low-loss, thin-walled quartz tube con-
taining the powder is placed on the axis of the resonator. The
change in frequency due to a small sample perturbation in the
E-ﬁeld of the cavity resonator can be approximated to [27]
(8)
where is the fractional change in complex frequency
(real being center frequency and imaginary being half the band-
width), and are the volumes of the sample and cavity re-
spectively and and are the ﬁeld vectors in the cavity and
in the sample respectively. The complication in this formula is
that the absolute ﬁelds are generally not known, hence if the
condition can be met where then parts of the inte-
grals can be cancelled out. This condition is when the sample
is placed in the cavity such that the original ﬁeld distributions
are not grossly altered, or with a minimal depolarization ﬁeld.
This can be achieved by placing a long thin sample parallel to
the E-ﬁeld. The resultant equations for complex permittivity can
thus be approximated to [28]
(9)
(10)
where and denote unperturbed and perturbed frequency
respectively, and denote unperturbed and perturbed
bandwidth respectively, and is the ﬁeld ﬁlling factor of
the cavity dependent upon the sample location and the mode.
All values given in (9) and (10) can be measured whereas
can be calculated analytically or through simulation.
A. Analysis of Modes For Broadband Measurement
The results of COMSOL simulations of the ﬁeld dis-
tributions are shown in Fig. 4. It is clear that all modes have an
E-ﬁeld along the axis, thus fulﬁlling the condition of a minimal
depolarizing ﬁeld for a thin sample at the center of the cavity.
There are however numerous other modes at frequencies close
to the measurement modes. Unfortunately, these are inevitable
and it is hard to determine an ideal aspect ratio that separates
them. Interference can be mitigated by using coupling structures
Fig. 4. COMSOL simulation of ideal cylindrical cavity modes used for per-
mittivity measurements. The arrows and the lines denote the direction of the
electric ﬁeld vectors.
that attempt to exclusively excite wanted modes (open circuit
coaxial antennas near the center of the top plate prevent ex-
citation of higher order modes propagating around the curved
walls). In practice, useful measurement modes can simply be
identiﬁed by placing high dielectric materials at the sample loca-
tion and examining the shift in frequency. Additionally, placing
a metal rod at the sample location identiﬁes minimally depo-
larizing modes as these modes should vanish since an E-ﬁeld
cannot exist parallel to a metal surface.
The spatial variation in Fig. 4 will give rise to differing sen-
sitivities to a thin sample placed along the axis. For example
type modes increase in sensitivity to the sample with
increasing owing to the greater concentration of ﬁeld on the
axis. The sensitivity of a mode is directly related to the ﬁeld
ﬁlling factor . It can be calculated by integrating the ﬁeld
intensity and dividing it by the integral of the intensity
over the cavity volume. These values can be determined analyt-
ically but in the previous paper [14] they have been calculated
using COMSOL.
Our cavity is not an ideal cylinder and features holes at the
top and bottom as well as slightly rounded edges at the cor-
ners. It was found through simulation that the rounded edges
were responsible for the slightly higher resonant frequencies
given in Table I. The values are also different, with the
main cause being due to the sample holes which create dis-
tortions in the ﬁeld distribution at regions of high ﬁeld. Mul-
tiple COMSOL simulations of different hole radii are given in
Fig. 5 where the uniform ﬁeld of the mode (and conse-
quently other modes) becomes distorted with increasing
hole size. The hole lowers the E-ﬁeld at the extremities which
decreases the ﬁeld to which the sample is exposed to and, conse-
quently, decreases sensitivity (recall that a lower value of
in Table I means a greater sensitivity to the sample).
The axial hole also affects the resonant frequency and quality
factors of the modes as shown in Fig. 5. The resonant
frequency increases with increasing hole length until the length
is greater than about 20% of the cavity length, where no further
changes are observed. A large sample hole can give a dramatic
reduction in the Q factor, which is also shown in Fig. 5. For our
cavity, the radius of the sample hole is 2.75 mm, which is only
6% of the cavity radius. The depth is 5 mm which is 12.5%
of the cavity height. This size of hole therefore has minimal
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TABLE I
RESONANT MODES AND EFFECTIVE SCALING FACTORS
Simulated and measured are for a cavity with holes and rounded corners.
Measured values were obtained with a maximum random error of 5 kHz.
Fig. 5. COMSOL simulation of the effect of the sample hole on the E-ﬁeld uni-
formity along the axis of the sample in the mode (top). The height posi-
tion is normalized to the cavity height, with 0 and 1 being at the top and bottom,
respectively. The plots show different sample hole radii as a percentage of the
cavity radius. The effect of hole depth and radius on the frequency (middle)
and Q factor (bottom) are also shown. The hole in the COMSOL simulations is
modelled as having a scattering boundary condition.
effect both on the frequency and Q factor. The difference in Q
factor (shown later in Table II) between the theoretical and the
measured, however, is mostly due to the electrical quality of the
TABLE II
MODE SENSITIVITY BASED ON RANDOM SYSTEM ERRORS
Unperturbed Q Factor is with the sample tube.
aluminium and the surface roughness inside of the cavity, rather
than due to the hole.
Table II shows the sensitivity (or the minimum detectable
change due to the random measurement error) of different
cavity modes by taking into account the values and
the errors in the measurement of resonant frequency and
bandwidth . Considering mode volume and systematic
errors in complex frequency alone, the sensitivity in permit-
tivity measurements is very high and therefore its impact on
any uncertainties in the sample measurement is minimized. The
variation in sample preparation forms the main source of error
in this measurement. To overcome this, multiple samples of the
same materials are prepared.
VI. EXPERIMENT
A. Broadband Coaxial Probe
The sample is placed at the end of the coaxial ﬂange and is
compressed using the structure shown in Fig. 6. A right angled
SMA connector and a 3.5 mm adapter were used to allow the
probe to face upright at an appropriate distance while connected
to port 1 of a Keysight ENA 5071C. A standard SOLT calibra-
tion using an Agilent 85052D calibration kit was carried out to
the plane of the K connector, as shown by the dashed line in
Fig. 6. A solid sheet of PTFE was compressed onto the aper-
ture. Assuming the values of and the
modelled capacitance of the line can be obtained by rear-
ranging (6) which was gave an average of across
the frequency range.
Air measurements were taken for each sample followed
by the compressed powder underneath the PTFE plate. Each
sample was pressed onto the probe and measured three separate
times with standard deviations across the samples obtained at
each measured frequency. The stimulus had a 400 point loga-
rithmic sweep between 0.1–10 GHz, an IF Bandwidth of 500
Hz, input power of 0 dBm and 32 times averaging. The sample
was left on the probe to settle for 10 minutes with averaging
restarted prior to the measurement.
To calculate the packing density, the powders were packed
into a separate jig with the same compression system displayed
in Fig. 6. These samples occupied a cylindrical space with a
diameter of 8mm and a height of 1mm. In this conﬁguration, the
mass was measured and thus the effective density was extracted.
Taking this as a fraction of the material's intrinsic density as
given by the datasheet of , the effective packing
density can be determined, and this is typically about 0.3. This
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Fig. 6. Photo of the BCP showing the calibration plane and the sample jig
(top-left). Dimensions of the aperture and enclosure are given (top-right). Disas-
sembled system (bottom) showing the aperture of the probe (the ruler numerals
are every 1 cm). The PTFE sample used for the calibration covered an area of
approximately with a thickness of 1.5 mm.
Fig. 7. Photograph of MCP set-up connected to a microwave vector network
analyser (VNA) using Huber and Suhner microwave cables. A segmented
sweep is shown on the screen to examine the complex frequency response of
the modes. The inset shows the dimensions of the cylindrical cavity.
is important for comparison across the different nanodiamond
samples. All of the results are scaled to the intrinsic density of
the material in this way.
B. Broadband Microwave Cavity Perturbation
The MCP measurements were conducted using our alu-
minium cylindrical cavity (diameter and height of 92 mm and
40 mm respectively) as depicted in Fig. 7. As stated previously,
the sample hole is 2.75 mm in diameter, with a small plastic
collar outside of the cavity to align the sample tube in the
center of the cavity, along its axis. This collar had no effect on
the measured resonant frequency and Q factor since it is well
outside of the E-ﬁeld.
The sample powders were poured into quartz tubes (outer and
inner diameters of 2.4 mm and 2.0 mm respectively) and left to
settle on a vibrating stage for 10minutes. Quartz was chosen as a
tube material as it has very low dielectric loss and thus minimal
effect on the unloaded center frequency and bandwidth. The im-
pact of these tubes is that the measurement frequency is brought
to a marginally lower value (maximum change across the modes
of 13 MHz) and the initial unperturbed bandwidth is decreased
(maximum difference across the modes of 11 kHz); This latter
result is curious, but is due to an increased stored energy due
to the polarization of the quartz coupled with its extremely low
loss, giving an increased Q factor when it is present. The values
for the cavity with the empty quartz tube are used as the unper-
turbed values given in Table II.
Packing in the tubes was quantiﬁed by measuring the mass of
the empty and ﬁlled tubes whilst taking into account the volume
of the ﬁlled powder. With mass and volume, the effective den-
sity in the tube can be obtained. In a similar manner to the BCP,
the quotient of the tube density and the intrinsic density yields
the effective packing density.
C. Sources of Error
In thesemeasurements, systematic and sample preparation er-
rors are present. ForMCP, systematic errors are those associated
with the measurement of complex resonance in MCP. The er-
rors in the measurement of complex resonance are small and are
given in Table II. The random errors in the sample preparation
are expected to dominate in MCP since the tube ﬁlling process
may settle the powders in different conﬁgurations each time.
For BCP, the random systematic errors associated with the re-
ﬂection coefﬁcient are very low; with averaging enabled, ﬂuctu-
ations in the dielectric constant and losses were less than 5% of
their average value. Calibration of the BCP also contributes to
the error. However, this systematic error, associated with in
the measurement of the PTFE plate, is the same for all samples,
and will offset all of the measured values. In addition to this,
the random errors in the sample preparation will also contribute.
This is through the errors in the measurement of mass and subtle
differences in the packing of the powder onto the probe. These
factors in particular are the main source of random error.
D. Samples
The samples measured in these experiments are the same as
those measured in previous studies [13], [14]. These are the
Syndia , , , and the
powders provided by Van Moppes Geneva, Switzerland. It
has been identiﬁed that the powders have the
most nondiamond carbon impurities (with as having
the highest followed by and ) while the
powders had no detectable impurities.
VII. DISCUSSION
A. Comparison of Precision
The MCP measurements of complex permittivity are pre-
sented in Table III with their associated random error bars.
It is clear that the random errors in MCP measurements are
small for the effective dielectric loss but are large for the
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TABLE III
CALCULATED COMPLEX PERMITTIVITY OF NANODIAMOND POWDERS USING MCP
Average values are calculated with error bars being the standard deviation across 3 different tubes of sample. The fractions of the theoretical density for each
sample were 0.298, 0.298, 0.288, 0.271 and 0.298 for respectively with maximum errors in packing density of 5%.
Fig. 8. Measured permittivity of nanodiamond samples: real (top) and imagi-
nary (bottom). The lines represent values calculated with the probe method (de-
noted “P”) while the marked points show those achieved with the cavity method
(denoted “C”). Shaded regions show the standard deviation obtained across the
prepared samples (which includes the measurement of different prepared sam-
ples and also the uncertainty in the packing density). All values are normal-
ized to the intrinsic density of 3.5 to allow for sample and method
comparison.
effective dielectric constant. The impact of this is presented in
Fig. 8 where the markers show the MCP data. Clear differences
between can be noticed in the loss measurements,
with the error bars being insigniﬁcant (smaller than the marker
size). The errors for the real parts are likely to be associated
with the subtle differences in powder packing between the
measurements.
The BCP measurements are the lines and shaded regions in
Fig. 8. The random errors are again largest in the effective di-
electric constant, to the point that samples are indistinguish-
able from one another. This is not so much a problem since
we have already ascertained from previous studies that the real
parts show minimal correlation regarding and amorphous
impurities. The major cause of this was a combination of the
calibration and the random sample packing errors. Overall, the
random errors are larger for BCP compared to MCP. Also the
errors in between 0.1–1 GHz (further referred to as the low giga-
hertz range) are much larger than in between 1–10 GHz (further
referred to as the high gigahertz range).
The model for the coaxial probe assumes that the material oc-
cupies the full, inﬁnite half-space at the end of the probe. The
extent to which this ﬁeld radiates diminishes as materials with
larger permittivities are placed at the aperture. In this instance
we are probing a low permittivity material with notable differ-
ences in loss, but since the real part is low, the evanescent ﬁelds
may not be contained wholly within the sample. Thus some
ﬁelds penetrate into the jig and effectively “probe” the sample
holder. This causes the measurements of the real part to skew.
Since the PTFE plate is a low loss material this does not greatly
affect the loss measurements, but at lower frequencies penetra-
tion is greater andmay radiate further. To avoid this, much larger
volumes are required, greater than the jig can support and that
are practically available. For the purposes of this measurement
system as a sensor for impurities, this creates a large level
of uncertainty for measurements of the real part, which again is
not an issue since minimal correlation between impurities and
the real part has been found.
B. Frequency Dependent Complex Permittivity
For the losses, Fig. 8 and Table III show that they are largest
in the least pure samples as expected; sample purity was deter-
mined in previous studies [13], [14] where ,
and all had large concentrations of surface and
amorphous carbon and and had undetectable
amounts. The notable contribution in this study is that both
the MCP and BCP measurements show similar frequency de-
pendent responses which corroborate the initial ﬁndings of dis-
order related loss mechanisms at microwave frequencies. More-
over, the broader band measurement of BCP reveals signiﬁcant
frequency dependent behavior in the losses in the low giga-
hertz range and also across the whole range in the real part for
, , and .
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TABLE IV
ESTIMATED CONTRIBUTION TO THE DIELECTRIC LOSS
Note: estimation only on the contribution of conductivity to , larger
contributions are observed for implying less loss from the
disordered surfaces.
The decrease in loss with frequency in the low giga-
hertz range is implicit of either free electron conductivity
or space-charge polarization, both of which are conduction
mechanisms. To establish the potential cause, we must look
at the measurements of the real part as well. Free electron
conductivity appears in just the losses with a dependence.
Space-charge polarization appears in both the real and imagi-
nary parts of permittivity. Due to the inertia of the movement
of large areas of charge, relaxation occurs at low frequencies.
This mechanism can therefore be identiﬁed by a decrease
in both the real and imaginary parts as frequency increases
[17]. From Fig. 8, for less pure samples, a negative slope with
increasing frequency emerges in both parts, however, the real
part continues to decrease even when the losses appear to be
frequency independent. Due to this, a clear determination of
space charge cannot be reached.
Nevertheless, we can still model the low gigahertz losses
as an independent free electron conduction mechanism using
the divergence at low frequencies shown in (2). Taking
the average values over the measurement and ﬁtting to this
equation, the effective values of conductivity can only be
estimated, since the errors in the low frequency region are
large. Table IV shows the estimated values for the effective
contribution from free electron conductivity and the disorder
related dielectric loss mechanisms. The loss mechanism mea-
sured with the original MCP method is therefore most likely not
caused by free electron conduction and must be some disorder
polarization related mechanism. This disordered dielectric loss
mechanism has been reported in carbon allotropes, where
these highly conducting materials exhibit an additional loss at
gigahertz and terahertz frequencies [22] (the offset in
Table IV). This loss mechanism may be attributed to junctions
and defects on the surface where charges are localized [29]
which is congruent with losses associated with the disordered
nature of the carbon impurities on the nanodiamond; note
that disorder related effects may occur from both spurious
fractions of amorphous and carbon as opposed to just the
concentration of disorder/amorphous carbon. Interestingly, a
larger contribution from is noticed in and
implying that disorder related effects start to decay with de-
creasing concentration. There may even be a threshold of
concentration as to when this starts to dominate. Also, from
a quality control perspective, the results show that the high
gigahertz range is more appropriate for looking at nanodiamond
purity with MCP and BCP methods due to its approximately
constant and consistent response.
For the and nanodiamond samples, the real
part over the entire 0.1–10 GHz range measured here remains
constant. This is congruent with electric polarization of species
at frequencies much lower than their relaxation frequencies. The
difference in values between these and the least pure samples is
small which in some ways is expected since all materials are
made of carbon atoms, with diamond and carbon black having
relatively low dielectric constants [30], [31].
VIII. CONCLUSIONS
In conclusion, we have shown that broadband complex
permittivity measurements at microwave frequencies can be
achieved using both MCP and BCP methods, with MCP having
much higher precision over a broad range. This paper shows
that the BCP method corroborates the frequency dependent
behavior found with the MCP measurements, in that the di-
electric losses of the nanodiamond particles have minimal
frequency dependence as opposed to the expected decrease
due to delocalized conduction mechanisms on the surfaces
of the particles caused by the carbon fraction. The loss
mechanism providing the ﬁgure of merit for impurity is hence
disorder related, likely to be linked to losses of the disordered
nature of the surface and amorphous carbon impurities,
though the exact mechanism has not yet been determined.
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